Introduction {#s1}
============

In maize (*Zea mays*), approximately half of the total dry matter at maturity is accumulated between planting and silking and the other half during the reproductive period ([@CIT0018]; [@CIT0027]). At the whole plant level, improvement of crop yield may be obtained through increasing carbohydrate production in source leaves ([@CIT0049]) and/or enhancing the utilization of photoassimilates in sink organs ([@CIT0045]). Nitrogen (N) plays a fundamental role in both source and sink establishment ([@CIT0010]). To meet the high N demand of grain filling, large amounts of N are progressively remobilized from vegetative organs during reproductive growth ([@CIT0025]). For N-deficient plants, this process is particularly pronounced and is reflected in accelerated leaf senescence. As such, leaf N is a pivotal factor influencing photosynthesis and carbon (C) production after silking, and an important source of N for grain filling. Interestingly, many studies have shown that more starch is accumulated in source leaves under N-deficient than N-sufficient conditions in maize ([@CIT0029], [@CIT0030]) as well as in other plants ([@CIT0036]; [@CIT0050]; [@CIT0053]). These studies clearly indicate that leaf N status impacts C partitioning and mobilization from leaves. Thus, both C capture and its export from source leaves are critical for yield formation under N deficiency.

Generally, N starvation leads to lower sink demand for photoassimilates, resulting in a feedback regulation on the storage of accumulating sugars as transitory starch in source tissues ([@CIT0014]). In turn, N addition stimulates sugar and starch partitioning into organic acid pools to support amino acid biosynthesis and assimilation ([@CIT0036]). Clearly, N deficiency can decrease C assimilation, while C starvation reduces N utilization in plants ([@CIT0006]). Based on the hyper-accumulation of starch in N-deficient maize leaves, [@CIT0030] speculated that photosynthate availability *per se* may not be the main factor responsible for yield reductions under N-deficient conditions; rather impaired sugar mobilization and translocation out of leaves likely contributes to yield reduction. Mutations blocking either starch synthesis or starch breakdown have been reported to reduce plant growth in Arabidopsis, maize, and other species ([@CIT0037]; [@CIT0047]). Starch degradation could be accelerated on warm nights to meet the increased demand for maintenance and growth ([@CIT0033]). Collectively, these results highlight the importance of sugar export and starch turnover in plant growth and resilience to stress ([@CIT0048]; [@CIT0033]).

Sucrose is a principal form of photoassimilate in the long distance transport from source to sink in maize. Initially, in the leaves, sucrose diffuses through plasmodesmata from mesophyll cells (MC) to bundle sheath (BS) and then to vascular parenchyma (VP) cells ([@CIT0004]). The last steps of sucrose movement to the phloem in maize source leaves involve an apoplastic strategy ([@CIT0004]), where sucrose is exported from VP cells to the apoplast by SWEETs (sucrose will eventually be exported transporters) ([@CIT0007]), and then retrieved from the apoplast and loaded into phloem companion cells by sucrose transporters (SUTs) ([@CIT0044]; [@CIT0002]). Once in the phloem, long distance transport can be impaired at different steps by a number of factors, including callose deposition ([@CIT0035]; [@CIT0022]). Interestingly, in wheat (*Triticum aestivum*), yield reduction in N-deficient plants was at least partially attributed to increasing callose deposition in peduncle vascular bundles during middle grain-filling ([@CIT0015]).

Following loading and transport in the phloem, sucrose arrives in the sink tissues. In reproductive maize, it arrives at the cob, which serves as a transient storage for assimilates, prior to uptake by kernels. Sucrose is largely cleaved by vacuolar or cell wall invertases into fructose and glucose in the maternal tissues, such as the pedicel, the placenta--chalaza, and especially by cell wall invertases in the basal endosperm transfer layer ([@CIT0040]; [@CIT0003]). The resulting hexoses are then transferred into the endosperm through an apoplastic pathway via transporters and effluxers, and utilized for the synthesis of starch and other end products ([@CIT0040]; [@CIT0003]). The sugars also can be stored locally as transient starch in the lower pericarp and pedicel ([@CIT0023]; [@CIT0003]). Overall, these results emphasize the prominent role of carbohydrate interconversion and transport between the maternal tissues and developing kernels, but the influence of N supply on these processes is not fully understood in maize.

Maize plants exhibit plasticity and adaption to N deficiency, such as favoring of sugar partitioning towards starch ([@CIT0029], [@CIT0030]) or cell wall cellulose ([@CIT0038]) in leaves, in turn allowing photosynthesis to proceed. While starch *per se* is a storage carbohydrate without demonstrated regulatory activities, it has been implicated as a major integrator in the regulation of plant growth ([@CIT0048]). Although much research has been conducted into C and N metabolism in maize, the mechanisms underlying and implications associated with starch built up in leaves of N-deficient maize are not understood. The objective of this research was to investigate how N availability affects sugar export from leaves and movement to developing ears in field-grown maize.

Material and methods {#s2}
====================

Experimental design and field conditions {#s3}
----------------------------------------

Field experiments were conducted in 2014 and 2015 at the University of Missouri Bradford Research Center near Columbia, MO, USA (38°53′ N; 92°12′ W) on a Mexico silt loam (fine, semectitic, mesic vertic epiaqualfs) soil ([@CIT0005]). The chemical properties of the top 20 cm soil layer sampled prior to planting in 2014 and 2015 were, respectively, pH 6.3 and 6.5, organic matter 2.8 and 3.1%, N~min~ (NO~3~^−^+NH~4~^+^) 12.9 and 11.8 mg kg^−1^, Bray-I P 14.0 and 6.4 mg kg^−1^, and NH~4~OAc-K 78.0 and 78.1 mg kg^−1^.

Previous studies revealed that plant growth and carbon partitioning in maize hybrid 'Pioneer 32D79' are highly responsive to soil N availability in both greenhouse and field conditions ([@CIT0029], [@CIT0030], [@CIT0031]). Thus, this hybrid was selected for the present study and was sown on 6 May 2014 and 8 May 2015 to achieve a stand density of 78 000 plants ha^−1^. Nitrogen deficiency resulted in approximately 1 d delay in silking and 7--9 d earlier maturity than sufficient N supply. Plots were 12.2 × 6.1 and 6.1 × 6.1 m^2^ in 2014 and 2015, respectively. Weeds were controlled by pre-emergence herbicide application (Atrazine plus S-metolachlor) followed by manually hoeing as needed. Three N treatments was used consisting of (i) N~0~, no N fertilizer as control; (ii) N~200~, 200 kg N ha^−1^ split equally at emergence and V8 stages (eighth leaf with visible ligule); and (iii) N~300~, 200 kg N applied as described for the N~200~ treatment, and an additional 100 kg N ha^−1^ applied 1 week before silking. The three N treatments were imposed in a randomized complete block design with four replications. Nitrogen was applied manually in the form of urea. The amount of precipitation during the maize growing season in May, June, July, August, and September was, respectively, 70, 164, 41, 57, and 186 mm in 2014 and 140, 129, 204, 106, and 21 mm in 2015.

Plant sampling and measurements {#s4}
-------------------------------

Maize above-ground parts were harvested at silking, at 21 (in 2014) or 20 (in 2015) days after silking (DAS), and at physiological maturity. The whole-plant samples from four visually uniform plants were cut at the stem base in each plot between 09.00 and 11.00 h at each sampling. The shoot was divided into ear-leaves, other leaves, stems, and ear, and the ear was further divided into apical and basal halves. The number of ovaries or kernels was counted and they were separated from the cob. Tissues were dried at 60 °C to a constant weight, weighed, and ground to pass a 1 mm screen. Subsamples were further processed to fine powder with a Geno/Grinder 2010 (SPEX SamplePrep, Metuchen, NJ, USA). Carbon and N concentrations were determined with an Elementar vario Macro Cube CHNS analyser (Germany) with phenylalanine as a standard. The maximum area of the ear leaves was measured at silking using a leaf area meter (LI-3100, LI-COR, Inc. Lincoln, NE, USA).

In 2014, separate ear-leaf samples for carbohydrate analysis were collected between 09.00 and 11.00 h in the morning at silking and 21 DAS. Additionally, leaf disks (2 mm diameter) for transmission electron microscopy (TEM) were cut from the longitudinal middle of the leaf blade and immediately transferred to fixative (2% paraformaldehyde, 2% glutaraldehyde in 100 mM sodium cacodylate buffer pH 7.35). In 2015, ear-leaf samples were collected every 4 h starting from 08.00 h at silking and 20 DAS. The middle (\~10 cm) of the leaf blade was dissected to remove the midrib and the leaf blade tissues from either sides of the midrib were processed for gene expression or carbohydrate analyses. The leaf blade tissue destined for gene expression analysis was frozen immediately in liquid N~2~ and stored at −80 °C, and the tissue for carbohydrate analysis was lyophilized.

In both years, ears were harvested at the same time as ear-leaf blades and separated into apical and basal halves and cob and ovaries or kernels. These samples were freeze-dried, ground with a coffee grinder and Geno/Grinder 2010 (SPEX SamplePrep), and later used for carbohydrate analysis.

Gas exchange measurements {#s5}
-------------------------

In each plot, ear leaves from three to four plants were used to measure net photosynthesis between 09.00 and 12.00 h at silking in both years and 20 DAS in 2015. Measurements were performed near the middle of the leaf blade avoiding the midrib with a portable photosynthesis system (LI-6400; LI-COR, Inc.) and a LI-6400-02B LED light source. Measurement conditions were set at an irradiance of 1800 µmol m^−2^ s^−1^ (PAR), CO~2~ at 400 mmol m^−2^ s^−1^, flow rate at 500 mmol s^−1^, and the leaf temperature maintained at 30 ± 1 °C.

TEM preparation and observation {#s6}
-------------------------------

Specimen preparation was performed at the Electron Microscopy Core Facility, University of Missouri as described by [@CIT0008]. Images were acquired with a JEOL JEM 1400 transmission electron microscope (JEOL, Peabody, MA, USA) at 80 kV on a Gatan Ultrascan 1000 CCD camera (Gatan, Inc., Pleasanton, CA, USA). Starch granule and chloroplast morphology were analysed using ImageJ software.

Sugar and starch quantification {#s7}
-------------------------------

Glucose, fructose, and sucrose were extracted from the ground samples using a modified method of [@CIT0052]. Briefly, a mixture of 30 mg dried tissue was extracted three times with 80% (v/v) ethanol in an 80 °C water bath for 15 min. Extracts were centrifuged and supernatants were combined, filtered through 0.45 μm pore size nylon membranes, and 20 μl were used for glucose, fructose, and sucrose analysis by HPLC (Shimadzu Corp., Kyoto, Japan) with a refractive index detector (Model RID-10A). The mobile phase consisted of 80% (v/v) acetonitrile in water with a flow rate of 1 ml min^−1^. A Luna 5 µm NH~2~ 100 Å, LC Column 250 × 4.6 mm from Phenomenex (Torrance, CA, USA) was used for the analysis which, was performed with the column maintained at 40 °C. Data acquisition was controlled by LabSolutions software (Shimadzu Corp.).

The pellets remaining from the above extractions were used for starch solubilization according to [@CIT0052]. α-Amylase (Sigma-Aldrich, A3403) and amyloglucosidase (Sigma-Aldrich, A3042) were used to hydrolyse the pellets. The glucose content was assayed as described above by HPLC and used to calculate starch concentration.

RNA isolation, reverse transcription, and real time PCR (qPCR) analysis {#s8}
-----------------------------------------------------------------------

Total RNA was extracted using an RNeasy Plant Mini kit (Qiagen). RNA quantity and quality were assessed using both a standard agarose gel electrophoretic analysis and a Nanodrop ND-1000 spectrophotometer. Afterwards, the isolated RNA sample was used as template for complementary DNA (cDNA) synthesis using oligo (dTs) and SuperScript^TM^ II Reverse Transcriptase (Invitrogen). For qPCR, PowerUp^TM^ SYBR^TM^ Green Master Mix (Applied Biosystems) was used in the reaction mixture according to the manufacturer's instructions, and reactions were performed in 96-well plates on an ABI 7500 real-time PCR system with universal cycling conditions (95 °C for 2 min, 40 cycles of 95 °C for 15 s, and 60 °C for 1 min). Primers were designed using NCBI Primer-BLAST and Primer Premier 5.0, and are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"} at *JXB* online. *Ubiquitin* ([@CIT0054]) and *β-Tubulin* ([@CIT0020]) were used as reference genes. Relative expression values were calculated according to the method of [@CIT0032], and the diurnal expression values were expressed as fold changes relative to values of normal N supply (N~200~) at time 00.00 h at silking.

Statistical analyses {#s9}
--------------------

Data were subjected to analysis of variance using Proc ANOVA with SAS package 9.1 (SAS Institute, Cary, NC, USA). Nitrogen rate was treated as the fixed effect and replication as the random effect. Two-tail *t* tests were performed for the starch and chloroplast survey data presented in [Fig. 3](#F3){ref-type="fig"} and [Supplementary Fig. S3](#sup1){ref-type="supplementary-material"}. The least significant difference was used to determine treatment differences at a *P*\<0.05 level of probability.

Results {#s10}
=======

Influence of N application on maize growth and C and N accumulation {#s11}
-------------------------------------------------------------------

In both years, compared with N~200~ and N~300~, low N availability (N~0~) caused reductions of 37--52%, 33--65%, and 55--64% in maize shoot dry matter, yield, and N content, respectively, at maturity ([Table 1](#T1){ref-type="table"}). Leaf expansion and net photosynthesis at both silking and 20 or 21 DAS were noticeably lower in N~0~ compared with N~200~ and N~300~ plants. Consistent with the shoot N content, N content of the ear leaves of N~0~ plants was lower (31--52%) than in the other two N treatments. Interestingly, similar C contents (g m^−2^) were observed in N~0~ and N~200~ ear leaves, except at 20 DAS in 2015. Consequently, a 1.3- to 1.9-fold greater ear leaf C to N ratio was observed in the N-deficient plants compared with N-sufficient plants ([Table 1](#T1){ref-type="table"}). Except for shoot dry matter at maturity in 2015, no statistical differences were observed for the above parameters between plants in the N~200~ and N~300~ treatments ([Table 1](#T1){ref-type="table"}).

###### 

Effects of nitrogen (N) availability on plant dry matter, grain yield, N uptake at maturity and on the leaf area, photosynthesis, carbon (C) and N status in ear leaf at silking and 20 or 21 days after silking (DAS) in 2014 and 2015

  Year   Stage      N treatment                                                                                                                                    
  ------ ---------- -------------------------------------------------------------------- ------------------------------------------- --------- --------- --------- ---------
                    **Shoot dry matter (g plant** ^−**1**^)                              **Grain yield (g plant** ^−**1**^)                                        
  2014   Maturity   234.4 b                                                              374.3 a                                     375.6 a   143.4 b   212.6 a   213.8 a
  2015   Maturity   148.0 c                                                              306.1 a                                     251.9 b   61.6 b    174.2 a   153.6 a
                    **Shoot N content (g plant** ^−**1**^)                               **Ear leaf area at silking (cm** ^**2**^)                                 
  2014   Maturity   1.4 b                                                                4.0 a                                       4.0 a     741.4 b   833.1 a   823.9 a
  2015   Maturity   1.0 b                                                                2.1 a                                       2.1 a     434.6 b   517.6 a   493.4 a
                    **Photosynthesis (μmol CO** ~**2**~ **m** ^−**2**^ **s** ^−**1**^)   **Ear leaf C content (g m** ^−**2**^)                                     
  2014   Silking    25.2 b                                                               33.8 a                                      33.1 a    19.6 b    21.3 ab   21.8 a
         21 DAS     ---                                                                  ---                                         ---       20.0 b    22.1 ab   23.4 a
  2015   Silking    28.5 b                                                               44.2 a                                      47.2 a    24.9 b    26.0 ab   27.7 a
         20 DAS     26.4 b                                                               35.3 a                                      36.5 a    24.3 b    29.1 a    29.2 a
                    **Ear leaf N content (g m** ^−**2**^)                                **C to N ratio in ear leaf**                                              
  2014   Silking    0.8 b                                                                1.2 a                                       1.1 a     23.3 a    17.3 b    18.3 b
         21 DAS     0.5 b                                                                1.1 a                                       1.1 a     37.6 a    20.2 b    20.9 b
  2015   Silking    0.8 b                                                                1.6 a                                       1.6 a     30.6 a    15.9 b    17.1 b
         20 DAS     0.9 b                                                                1.6 a                                       1.6 a     28.3 a    18.6 b    17.7 b

Data are means of four replicates. Means with different letters indicate statistical differences between N levels at each sampling date (*P*\<0.05).

Soluble sugars and starch concentrations of ear leaves {#s12}
------------------------------------------------------

Nitrogen deficiency significantly reduced the concentration of soluble sugars (sum of fructose, glucose, and sucrose) compared with sufficient N supply, except at 21 DAS in 2014 ([Fig. 1](#F1){ref-type="fig"}). Starch concentration (mg g^−1^) and content (mg leaf^−1^) in ear leaves of N~0~ plants were invariably greater than those from N-sufficient plants, irrespective of the developmental stage and time of day ([Fig. 1](#F1){ref-type="fig"}; [Supplementary Fig. S1A](#sup1){ref-type="supplementary-material"}). For all the N treatments, ear leaf starch concentrations were greater at 20.00 h than at 08.00 h. In comparison with the N-sufficient plants, N deficiency led to 0.4--0.6-fold increases in mid-morning ear-leaf starch concentration in 2014, and 1.2--1.8-fold increases at 20.00 h and 2.6--3.9-fold increases at 08.00 h in 2015 ([Fig. 1](#F1){ref-type="fig"}). Similar amounts of starch were mobilized during the night in ear leaves of N~0~, N~200~, and N~300~ plants ([Supplementary Fig. S1B](#sup1){ref-type="supplementary-material"}), corresponding to a degradation percentage of 49%, 67%, and 75%, respectively, at silking, and 48%, 55%, and 69%, respectively, at 20 DAS ([Supplementary Fig. S1C](#sup1){ref-type="supplementary-material"}). Overall, N deficiency led to an increase of the starch to sucrose ratio in ear leaves of N-deficient plants, although differences were not statistically significant for the assessments conducted mid-morning in 2014 ([Supplementary Fig. S2A](#sup1){ref-type="supplementary-material"}, [B](#sup1){ref-type="supplementary-material"}).

![Sugars and starch concentration in ear leaf of maize plants with different nitrogen supplies at silking and 20 or 21 DAS in 2014 and 2015. Ear leaf was collected between 09.00 and 11.00 h in 2014, and at 08.00 and 20.00 h in 2015. Error bars represent the standard error of the mean (*n*=4). Different letters above the columns at each harvest represent the significant differences between nitrogen levels (*P*\<0.05).](erx49601){#F1}

TEM analysis of ear leaf anatomy {#s13}
--------------------------------

Larger starch granules were observed in leaves under N~0~ than N~200~ treatment, except at silking at 20.00 h in 2015 and at silking in 2014 ([Figs 2](#F2){ref-type="fig"} and [3A](#F3){ref-type="fig"}; [Supplementary Fig. S3A](#sup1){ref-type="supplementary-material"}). The starch granule numbers per chloroplast were consistently greater in ear leaves under N deficiency than N sufficiency ([Figs 2](#F2){ref-type="fig"} and [3A](#F3){ref-type="fig"}), except at 21 DAS in 2014 when no statistical difference was detected ([Supplementary Fig. S3B](#sup1){ref-type="supplementary-material"}). Interestingly, smaller diurnal changes of both the size and numbers of starch granules were exhibited in N~200~ leaves at 20 DAS, compared with N~0~ leaves ([Fig. 3A](#F3){ref-type="fig"}). As to the chloroplasts in BS cells, they were smaller in ear leaves of N~0~ than N~200~ plants at silking, but similar in size at 20 or 21 DAS. Fewer chloroplasts were observed in N~0~*vs* N~200~ leaves at 20 or 21 DAS, but not at silking ([Fig. 3B](#F3){ref-type="fig"}).

![Transmission electron micrographs of bundle sheath cells with starch granules in ear leaves of nitrogen deficient (A--D) and sufficient (E--H) maize plants at 08.00 and 20.00 h of silking and 20 DAS. Arrows indicate the starch granules. BS, bundle sheath cell; Chl, chloroplast; MC, mesophyll cell. Scale bars: 5 μm.](erx49602){#F2}

![The number and size of starch granules (A), and chloroplasts (B) in bundle sheath cells of maize ear leaf at silking and 20 or 21 DAS in 2014 and 2015. Samples for starch granules observation were collected at 20.00 and 08.00 h in 2015, and the chloroplast data were pooled from 2014 and 2015. The solid line and dashed line within each box represent the median and mean values of all data. The top and bottom edges of the boxes represent the 75 and 25 percentiles, and the top and bottom bars represent the 95 and 5 percentiles of all data, respectively. \**P*\<0.05; \*\**P*\<0.01; ns, not significant.](erx49603){#F3}

Visual examination of plasmodesmata ultrastructure at the interfaces between MC and BS and BS and VP cells was conducted based on TEM images. As shown in [Fig. 4](#F4){ref-type="fig"}, plasmodesmata between MC and BS and BS and VP cells of N~0~ and N~200~ ear leaves collected at silking and 20 DAS in 2015 appeared similar and without occlusions.

![Transmission electron micrographs of plasmodesmata between mesophyll (MC) and bundle sheath (BS) cells, and BS and vascular parenchyma (VP) cells in ear leaves of N~0~ and N~200~ plants at silking and 20 days after silking in 2015. Arrows indicate the plasmodesmata. Scale bars: 200 nm.](erx49604){#F4}

Transcript abundance of genes involving in sucrose and starch metabolism and sucrose export from ear leaves {#s14}
-----------------------------------------------------------------------------------------------------------

The MaizeGDB and Gramene databases were used to search for and obtain sequences of genes involved in sucrose and starch metabolism in maize leaves ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The diurnal expression of selected genes was examined using qPCR. *Tpt* (GRMZM2G070605) encodes the triose phosphate/phosphate translocator (TPT) in the inner envelope membrane of the chloroplast that exchanges phosphate and triose phosphate between chloroplast and cytosol. The genes encoding ADP-glucose pyrophosphorylase (AGPase) (*Agpsl1*, *Agpll1*), starch synthase (*Ss1*), β-amylase (*Bmy*), and maltose exporter 1-like (*Mex1-like*) control key steps in starch turnover. Genes encoding sucrose phosphate synthase (*Sps1*), sucrose synthase (*Sus2*), SWEETs (*Sweet13a*, *Sweet13b*, *and Sweet13c*), and SUT1 (*Sut1*) were characterized as they are important for sucrose turnover and export from leaves. For the proteins encoded by multiple genes, the gene with the highest expression in the mature leaf after silking was selected based on the Maize Gene Expression Atlas ([@CIT0039]).

The relative changes in transcript abundance of the different genes in response to N supply and time of day are shown in [Fig. 5](#F5){ref-type="fig"}. Transcript abundance of *Tpt* followed a clear diurnal pattern in all treatments and at both sampling times. In general, *Tpt* expression levels in the N-fertilized treatments were higher and/or increased for an extended period of time compared with the N~0~ treatment. Sucrose phosphate synthase (*Sps1*) expression followed a similar pattern in that expression was usually higher at 08.00 and 12.00 h and generally was lower in N~0~ than in N-fertilized treatments. No distinct expression pattern in the N~0~ compared with the N-fertilized treatments was observed for sucrose synthase (*Sus2*). Of the three SWEETs tested, N fertilization did not appreciably modify the transcript abundance of *Sweet13b*, while *Sweet13a* and *Sweet13c* were down-regulated by N deficiency at 20 DAS, and *Sweet13c* also at silking. *Sut1* expression was high at most time points, and less affected by the N treatment compared with *Sweet13a* and *Sweet13c*.

![The diurnal changes of relative expression level of genes involved in sucrose and starch turnover or sucrose export from leaves at silking and 20 DAS in 2015. Samples were collected every 4 h during the day and night (*n*=4).](erx49605){#F5}

The *Agpsl1* and *Agpll1* genes encoding enzymes of starch biosynthesis largely were down-regulated, particularly during the photoperiod, in the N~0~ compared with the N~200~ and N~300~ treatments. Although less pronounced, this was also the case for *Ss1* at 20 DAS, but at silking *Ss1* transcript abundance in the N-deficient treatment was very similar to the N-fertilized treatments. β-Amylase transcript levels exhibited a pronounced diurnal pattern at both sampling times, but were not very responsive to N treatment. Its transcript levels were highest at 04.00 and 08.00 h and generally lowest late afternoon (16.00 h) and evening (20.00 h). The expression of maltose exporter 1-like (*Mex1-like*) did not reveal noticeable pattern as related to N treatment, neither at silking nor at 20 DAS.

Concentrations of sugars and starch in the cob and developing kernels {#s15}
---------------------------------------------------------------------

At silking, sucrose levels in the basal cob section were not influenced by N treatment ([Fig 6A](#F6){ref-type="fig"}). In contrast, sucrose levels in the apical cob section were greater in N~0~ than N~200~ and N~300~ treatments at the end of the photoperiod (20.00 h). Due to lower fructose and glucose concentrations in the cob of N-deficient compared with N-sufficient plants, the sum of sugars (sucrose, glucose, and fructose) was lower in both apical and basal cob sections of N~0~ plants than in N~200~ and N~300~ plants ([Fig. 6A](#F6){ref-type="fig"}). Interestingly, starch concentrations in N-deficient plants were greater in the apical cob sections and similar in the basal cob sections to those of N-sufficient plants, both in the morning and in the evening ([Fig. 6B](#F6){ref-type="fig"}).

![Sugars and starch concentrations in the apical and basal cob sections at silking (A, B) and 20 DAS (C, D) in 2015. Samples were collected at 08.00 and 20.00 h at each harvest. Error bars represent the standard error of the mean (*n*=4). Different upper-case letters above the columns represent the significant differences in total sugars (fructose, glucose and sucrose) between nitrogen treatments, while different lower-case letters indicate the differences for individual sugars or starch between treatments (*P*\<0.05). n.d., not determined.](erx49606){#F6}

In contrast to silking, fructose and glucose concentrations at 20 DAS were greater in N~0~ plants than N~200~ and N~300~ plants in both apical and basal cob sections. Unlike fructose and glucose, sucrose concentrations in cobs were similar between N treatments ([Fig. 6C](#F6){ref-type="fig"}). In the basal cob section, the higher fructose and glucose concentrations resulted in greater sugar (sucrose+glucose+fructose) concentrations in N~0~ plants than N-fertilized plants ([Fig. 6C](#F6){ref-type="fig"}). Starch concentrations in the apical cob section in N~0~ treatments were 4-fold greater than in the other two N treatments, but were similar in the basal cob section ([Fig. 6D](#F6){ref-type="fig"}). For all three N treatments, starch concentrations in apical and basal cob sections at 20 DAS were lower than those observed in the respective sections at silking.

Not surprisingly, examination of carbohydrate concentrations in developing ovaries (silking) and kernels (20 DAS) revealed dramatic differences in soluble sugar and starch concentrations between these time points ([Fig. 7](#F7){ref-type="fig"}). Compared with N~200~ treatments, N~0~ had lower total soluble sugar concentrations in the apical ovaries but similar in the basal ovaries. Compared with N-sufficient treatments, N~0~ plants exhibited similar or greater starch levels in apical as well as basal ovaries ([Fig. 7A](#F7){ref-type="fig"}, [B](#F7){ref-type="fig"}). Glucose and fructose comprised more than 60% (except N~0~ at 20.00 h) of the soluble sugars in the ovaries at silking, while sucrose was the dominant (\>75% of total) soluble sugar in developing kernels from both apical and basal sections. At 20 DAS, except for apical kernels at 20.00 h, N~0~ plants had significantly greater soluble sugar concentrations in both apical and basal kernels than N~200~ and N~300~ plants ([Fig. 7C](#F7){ref-type="fig"}). In contrast, starch concentrations in developing kernels did not differ among N treatments ([Fig. 7D](#F7){ref-type="fig"}).

![Sugars and starch concentrations in the ovaries (at silking, A, B) and developing kernels (at 20 days after silking, C, D) obtained from apical and basal sections of cobs in 2015. Samples were collected at 08.00 and 20.00 h at each harvest. Error bars represent the standard error of the mean (*n*=4). Different upper-case letters above the columns represent the significant differences in total sugars (fructose, glucose, and sucrose) between nitrogen treatments, while different lower-case letters indicate the differences in each individual sugar or starch between treatments (*P*\<0.05).](erx49607){#F7}

Yield components {#s16}
----------------

The number of ovaries per row was significantly greater in N~200~ and N~300~ treatments than in the N~0~ treatment. These differences in ovary numbers at silking also translated into a lower number of kernels per row at maturity in the N~0~ treatment ([Fig. 8A](#F8){ref-type="fig"}, [B](#F8){ref-type="fig"}). In N~0~ plants, 31% of ovaries were aborted after silking, while 9--11% were aborted in N~200~ and N~300~ plants ([Fig. 8A](#F8){ref-type="fig"}, [B](#F8){ref-type="fig"}). Ears from N-sufficient plants were 26--28% longer than those from N~0~ plants ([Fig. 8C](#F8){ref-type="fig"}). As compared with N~0~, applications of 200 or 300 kg N ha^−1^ increased kernel weights by 39--49%, with a similar effect for apical and basal kernels ([Fig. 8D](#F8){ref-type="fig"}).

![The ovary number at silking (A), apical and basal kernel number per row (B), ear length (C), and apical and basal kernel weight (D) at maturity in maize plants supplied with different N levels in 2014. Error bars represent the standard error of the mean (*n*=4). Different letters above the columns represent significant differences between nitrogen levels (*P*\<0.05).](erx49608){#F8}

Discussion {#s17}
==========

Greater starch accumulation in N-deficient leaves is associated with more and larger starch granules in bundle sheath cells {#s18}
---------------------------------------------------------------------------------------------------------------------------

Consistent with previous reports ([@CIT0029], [@CIT0030]), N deficiency significantly stunted maize growth and led to greater starch accumulation in leaves ([Table 1](#T1){ref-type="table"}; [Fig. 1](#F1){ref-type="fig"}; [Supplementary Fig. S1](#sup1){ref-type="supplementary-material"}). As a storage carbohydrate, starch does not demonstrate regulatory activities, but is a major integrator in the regulation of plant growth ([@CIT0048]). For example, starch synthesis competes with sucrose synthesis for triose-P~i~, a shared substrate for the two biochemical reactions ([@CIT0047]). Triose-P~i~ is transported from the stroma to the cytoplasm by triose-P~i~/P~i~ translocators (TPT) localized on the inner envelope membrane of the chloroplast, and the activity of TPT proteins is a key factor influencing carbon flux between sucrose and starch ([@CIT0047]). In leaves of N-deficient plants, the transcript abundance of *Tpt* was lower than in N-sufficient (N~200~ and N~300~) plants for most of the daylight hours at both silking and 20 DAS ([Fig. 5](#F5){ref-type="fig"}), suggesting lower TPT abundance and triose-P~i~ transport in the N-deficient plants. Limited transport of triose-P~i~ into the cytosol is consistent with greater C flow to starch synthesis in the chloroplast at the cost of cytosolic synthesis of sucrose. This is in accord with the greater starch to sucrose ratio observed in leaves of N-deficient than N-sufficient plants ([Supplementary Fig. S2](#sup1){ref-type="supplementary-material"}).

Examination of transmission electron micrographs of samples collected 20 DAS revealed fewer but similar sized chloroplasts in the bundle sheath of ear leaves from N~0~ compared with N~200~ plants ([Figs 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). In addition, starch granules were only found in the BS cells of mature leaves, and their size and number per chloroplast were greater in leaves of N-deficient compared with N-sufficient plants, thus at least partially explaining the greater starch concentrations and contents of N~0~ ear leaves. Assessments of starch granule number and size in ear leaves sampled at 08.00 and 20.00 h revealed larger and more numerous starch granules per chloroplast in the evening *vs* morning for N~0~ leaves at both silking and 20 DAS. While a dramatic diurnal difference was also observed in N~200~ ear leaves at silking, differences were limited for starch granule size and absent for granule number per chloroplast at 20 DAS. These results indicate that the diurnal pattern of starch granule size and number in maize is N responsive and stage dependent, which is in contrast to the report by [@CIT0009] that the diurnal changes of starch levels in Arabidopsis are largely influenced by changes in the granule size with fixed number of granules.

Previously, [@CIT0053] reported that both gene expression levels and enzyme activities in N-deficient duckweed plants are consistent with enhanced starch biosynthesis and inhibited starch degradation. In the present study, the transcript levels of enzymes involved in starch biosynthesis and degradation were either lower in N-deficient than N-sufficient ear leaves, or largely unaltered by N treatment. These results are consistent with other reports that starch metabolism-related transcripts are repressed under N starvation in maize ([@CIT0038]), indicating reduced starch turnover in the N-deficient plants. Additionally, the lower transcript levels of starch synthesis genes is consistent with the significantly lower photosynthesis in N-starved leaves, i.e. a reduced total C flux under N deficiency ([@CIT0034]). Among all the genes examined in this study, the most pronounced diurnal changes in transcript levels were observed for β-amylase, which is involved in starch degradation. Significant up-regulation of β-amylase expression was found at 04.00 h and 08.00 h in all N treatments. However, while strong diurnal regulation was observed, β-amylase expression in ear leaves was largely unresponsive to N treatment, which was consistent with the observation that several enzymes involved in starch turnover are under post-translational or redox regulation ([@CIT0012]; [@CIT0026]; [@CIT0046]). Similar to β-amylase expression, no substantial effect of N treatment on *Mex1-like* transcript abundance was observed, suggesting limited if any influence of N treatment on maltose export from chloroplasts. This absence of a strong N effect on *Mex1-like* expression is aligned with similar amounts of starch mobilization from N-deficient and N-sufficient ear leaves. However, since the percentage of starch degraded in N-deficient leaves tended to be lower than in N-sufficient leaves, and larger and more residual starch granules remained at the end of the night ([Figs 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}; [Supplementary Fig. S1](#sup1){ref-type="supplementary-material"}), we speculate that leaf starch mobilization was perturbed by N deficiency.

Transitory starch accumulation acts as an overflow mechanism during the day when assimilation exceeds sucrose synthesis, and is mobilized for respiration and growth at night ([Fig. 1](#F1){ref-type="fig"}; [@CIT0047]). Mutations blocking either starch synthesis or starch breakdown in Arabidopsis reduce plant growth ([@CIT0047]). In maize, a leaf starchless mutant, *agps-m1*, has diminished growth and productivity under field conditions ([@CIT0037]). Greater transient starch accumulation has been observed in response to not only low N availability but also other abiotic stress conditions that reduce carbon demand, including low temperature, low light intensity and low P supply ([@CIT0038]; [@CIT0053]), suggesting a pivotal role of sink utilization in the regulation of starch turnover. The sugar signaling molecule trehalose 6-phosphate and SnRK1 protein kinase may mediate the feedback regulation of starch synthesis and degradation via modulation of the sucrose status in leaves ([@CIT0024]).

The symplastic pathway of sucrose movement in N-deficient leaves is open and expression levels of sucrose transporters tended to be lower than in N-sufficient leaves {#s19}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------

Yield, shoot dry matter, leaf area, and photosynthesis data revealed a pronounced N limitation for plants in the N~0~ compared with N~200~ and N~300~ treatments ([Table 1](#T1){ref-type="table"}). Except for 21 DAS in 2014, N limitation as measured by these indicators was associated with lower soluble sugar concentrations in ear leaves ([Fig. 1](#F1){ref-type="fig"}). For the most part, the low soluble sugar concentrations were a function of lower sucrose and glucose concentrations in ear leaves of N~0~ compared with N-sufficient plants. As discussed above, N availability has noticeable effects on C partitioning between starch and sucrose in leaves. [@CIT0029], [@CIT0030]) observed greater starch concentrations in source leaves under N deficiency and suggested that carbohydrate availability *per se* may not be the yield-limiting factor but that C mobilization and transport out of the leaves may constrain kernel development and yield under N deficiency. However, it remains to be shown whether C mobilization and export from source leaves limit yield of maize under N-deficient conditions. In maize, sucrose is synthesized in the cytosol of leaf cells and then moves symplastically from MC to BS to VP cells through plasmodesmata ([@CIT0004]). In the maize *sxd1* mutant, sucrose movement is blocked by callose deposition at the BS side of BS--VP interfaces, and starch and soluble sugars accumulate in leaves ([@CIT0035]; [@CIT0022]). Interestingly, [@CIT0015] reported that N deficiency compared with normal N supply leads to greater deposition of callose in wheat peduncle vascular bundles during mid grain filling, and that this partly contributes to reduced yields. However, scrutiny of the transmission electron micrographs obtained in the present study did not reveal physical blockage of plasmodesmata at the interfaces of MC, BS and VP cells in N-deficient ear leaves. N~0~ and N~200~ plants had conspicuous and visually normal plasmodesmata appearances at both silking and 20 DAS ([Fig. 4](#F4){ref-type="fig"}), implying that the symplastic pathway of sucrose transport between different types of cells in leaves is open in N-deficient plants.

Maize is an apoplastic phloem loading species in which, following symplastic transport to the VP cells, sucrose is moved into the apoplast by sugar effluxers, SWEETs ([@CIT0007]), and loaded into the phloem by SUTs ([@CIT0044]; [@CIT0002]). Interestingly, of the three *Sweet* genes examined in this study, transcript levels of *Sweet13a* and *Sweet13c* were lower during the day in N~0~ compared with N~200~ and N~300~ leaves, especially during day-time hours at 20 DAS ([Fig. 5](#F5){ref-type="fig"}). Reduced *Sweet13* transcript levels in the N~0~ treatment may indicate fewer SWEET proteins and lower sucrose efflux to the intercellular space. As for the expression of *ZmSut1*, the transcript levels did not follow the pattern observed for the SWEET transporters in that no consistent N treatment effects were found. The lack of responsiveness to N supply may suggest post-translational regulation of SUT1 in the examined tissues. In fact, such regulation by redox conditions has been documented in potato (*Solanum tuberosum*) ([@CIT0016]).

Higher carbohydrate concentrations in the cob or developing kernels imply that the long distance transport of sugars is not a main limiting factor for yield under N deficiency {#s20}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To elucidate carbohydrate dynamics in the cob and ovaries or kernels, soluble sugar and starch concentrations were examined in these tissues at silking and 20 DAS. Sugar, in maize largely sucrose, is transported via the phloem to the cob where photoassimilates and other nutrients are temporarily stored. From there, sucrose is largely cleaved by vacuolar or cell wall invertases into fructose and glucose in the pedicel, the placenta--chalaza, and especially by cell wall invertases in the basal endosperm transfer layer ([@CIT0040]; [@CIT0003]). At the early reproductive stage, sucrose cleavage by invertases is a key factor for sink strength establishment, since invertases participate not only in the sucrose metabolism, but also in the production of the hexose signals that regulate cell cycle and cell division programs (reviewed by [@CIT0003]).

Compared with N-sufficient plants, similar or higher sucrose concentration but lower fructose and glucose concentrations were observed in the apical cob section of N-deficient plants ([Fig. 6](#F6){ref-type="fig"}), suggesting that sucrose cleavage may be altered in this maternal tissue. The considerably greater starch accumulation in the apical cob section of N-deficient plants suggests that more sucrose is used for synthesis of transient starch instead of translocation into ovaries in these plants. Consistent with this observation, fructose and glucose levels in the apical ovaries were lower in N-deficient compared with N-sufficient plants at silking ([Fig. 7](#F7){ref-type="fig"}). Meanwhile, greater starch accumulation in the apical cob section at silking implies that supply of sugars from source leaves may not be the primary limitation under N deficiency, and points to a limitation associated with the movement of cleaved sugars into ovaries. These observations suggest that the amount of sugars arriving in the ear under N-deficient conditions exceeds the capacity of the sinks to utilize them. Previous research also showed that N deficiency reduces the number of cells and starch granules in the endosperm, and represses the activity of enzymes regulating sucrose uptake or utilization, such as soluble and bound invertase, sucrose synthase, and AGPase ([@CIT0041]; [@CIT0042]; [@CIT0006]). Recent molecular analysis revealed that ZmSWEET4c functions in hexose translocation in the basal endosperm transfer layer, and further examination and characterization of ZmSWEET4c can be expected to shed light on hexose transport into the developing kernels, including in relation to dynamics in N-deficient compared with N-sufficient plants ([@CIT0045]).

Limited ability to utilize sugars in ears under N deficiency in turn represses photosynthesis and sucrose export from source leaves {#s21}
-----------------------------------------------------------------------------------------------------------------------------------

Improvement of crop yields involves enhanced allocation of assimilates from source to sink, which is regulated by a complex signaling network encompassing sugars, phytohormones, environmental factors, etc. ([@CIT0051]). In the absence of fertilizer application, limited N can stifle photosynthesis in source leaves and/or limit the utilization of assimilates in sink organs and thus constrain yield. As N is an essential component of proteins and chlorophyll, limited N supply constrains photosynthesis and thus the amount of fixed C available for growth and yield formation ([@CIT0034]). In addition, the suppression of leaf chlorophyll content, photosynthesis and sucrose production by N deficiency before silking has been well documented ([@CIT0021]). Reduced sucrose production in the leaf could lead to reduced ovary initiation, lower ear growth rate, and increased ovary abortion ([@CIT0013]; [@CIT0001]), as well as delayed flowering, slow silk emergence, and increased anthesis--silking interval ([@CIT0011]; [@CIT0017]; [@CIT0019]), which further limits sink strength during grain filling, and imposes a sink to source feedback regulation on leaf carbon accumulation and export.

It is clear that photosynthesis is under feedback control, and that the C to N balance is more important than C status *per se* to understand C metabolite feedback control of photosynthesis ([@CIT0028]). Under N deficiency, amino acid assimilation is suppressed, thus leading to reduced demand for C skeletons (amino acid precursors such as malate, citrate, and 2-oxoglutarate) ([@CIT0036]; [@CIT0028]), followed by greater C flux into transitory starch for storage rather than into sucrose synthesis ([Supplementary Fig. S2](#sup1){ref-type="supplementary-material"}). This may be mediated by feedback inhibition of sucrose synthesis via the signal metabolite fructose-2,6-bisphosphate that leads to the accumulation of phosphorylated intermediates and decreased inorganic phosphate in the chloroplast, resulting in allosteric activation of AGPase by a rising glycerate-3-phosphate to P~i~ ratio, in turn stimulating starch biosynthesis ([@CIT0047]). Along with lower sucrose accumulation in leaves, sucrose exporter expression (primarily *Sweet13a* and *Sweet13c*) in N-deficient leaves was down-regulated for much of the photoperiod in the present study, suggesting reduced sucrose export from leaves likely due to diminished sink C demand. As well, while leaf soluble sugar levels measured at 08.00 and 20.00 h in N-deficient conditions were lower than in N-sufficient treatments at 20 DAS in 2015 ([Fig. 1](#F1){ref-type="fig"}), this was not the case when measured late morning at 21 DAS in 2014, which is in accordance with diurnal dynamics associated with diminished sink demand in the late morning in N-deficient plants. The observed diurnal and N treatment-related changes in sucrose transporter expression are consistent with dynamic regulation of sugar transport in apoplastic phloem loading species ([@CIT0043]).

Conclusions {#s22}
===========

Reduced photosynthesis in ear leaves of N-deficient as compared with N-sufficient plants was associated with more C flow into transitory starch and reduced sugar export out of leaves. The greater starch concentrations in N-deficient leaves were associated with larger and more numerous starch granules in bundle sheath chloroplasts. Higher starch concentrations in N-deficient apical cob tissue at silking and 20 DAS suggested that photoassimilate availability from source leaves was not the main factor limiting kernel growth. Generally, higher soluble sugar concentrations in the developing kernels (20 DAS) of N-deficient plants indicated limitations in the utilization of available sugars. In combination with the high soluble sugar or starch concentrations in the cob at 20 DAS, these results also indicated that reduced utilization in the developing kernels may limit transport from the cob to the kernels, which in turn may impose a feedback inhibition on photosynthesis and sugar export from leaves. However, since no physical blockage of plasmodesmata was observed, N deficiency did not appear to affect the symplastic pathway. Further research is needed to elucidate the mechanisms underlying carbohydrate accumulation in leaf, cob, and developing kernel tissues, in particular in relation to hexose translocation in the basal endosperm transfer layer and the utilization of soluble sugars with regard to kernel filling and ultimately yield under N-deficient conditions.

Supplementary data {#s23}
==================

Supplementary data are available at *JXB* online.

Fig. S1. The amounts of starch accumulation and degradation in ear leaves of maize under different nitrogen supply.

Fig. S2. Starch to sucrose ratio in maize ear leaves at silking and 20 or 21 d after silking.

Fig. S3. The size (A) and number (B) of starch granules in bundle sheath cells of maize ear leaf at 21 d after silking in 2014.

Table S1. List of the primers used in this research.

###### 

Click here for additional data file.

We thank Dr Suhas Kadam (University of Missouri) for technical support with qRT-PCR and Dr Michael Maw (University of Missouri) for assistance with field management. This research was supported by the State Key Basic Research and Development Plan of China (No. 2013CB127402) and the Post-graduate Study Abroad Program of China Scholarship Council (No. 201406350191). The work in FBF's laboratory was in part supported by grants from the Missouri Fertilizer and Ag Lime Board.

BS

:   bundle sheath

C

:   carbon

DAS

:   days after silking

MC

:   mesophyll cells

N

:   nitrogen

P~i~

:   inorganic phosphate

VP

:   vascular parenchyma.
